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ABSTRACT A low-cost actuator-based fluidically programmable metasurface (FPMS) antenna is proposed
to solve the slow tuning speed problem of the manually fluidic based reconfigurable antennas. The
FPMS-based antenna is probe-fed and comprises a 4× 4 square ring metasurface as a superstrate. Moreover,
two shape memory alloy (SMA)-based electrically-controlled actuators are employed in the design for
controlling the position of the 3D-printed fluidic channels beneath the metasurface along the axes of the
radiating slots of the patch antenna. This results in beam-steering of over ±20◦ in the elevation plane, with
a peak gain of 9.1 dBi. It is worth mentioning that compared to conventional electronic tuning technologies
where the switches are employed on the top of the radiating aperture of the antenna, which usually deteriorate
the antenna performance, the SMA spring actuators do not deteriorate the performance as these are not
interacting with the radiating aperture. The proposed antenna was designed and simulated using CST
MWS, and the prototype was fabricated and measured. The simulated and measured results are in good
agreement, which corroborates the adequacy of the proposed concept. By incorporating the SMA-based
fluidic actuators, the proposed antenna is simple and highly efficient as compared to metasurface-based
beam-steering antennas reported in the literature thus far.

INDEX TERMS Shape memory spring actuators, metasurface, fluidic antennas, beam-steering antenna,
fluidically programmable metasurface (FPMS).

I. INTRODUCTION
Reconfigurable antennas are in the limelight due to their
multiple functionalities obtained from a single structure.
These antennas have the ability to switch either their fre-
quency, pattern, polarization or any combination of these,
called compound/hybrid reconfiguration. In particular, pat-
tern reconfigurable antennas can be designed by various
techniques. Among these, metasurfaces, which are planar
two-dimensional counterparts of metamaterials, are getting
considerable attention due to their electromagnetic wave
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focusing capability as well as being planar and exhibiting
a compact structure [1]. Different kinds of beam switching
techniques such as electronic tuning using PIN diode [2],
[3], [4], [5], [6] varactor-diode [7], [8] barium stron-
tium titanate (BST), and micro-electro-mechanical system
(MEMS) switching have been employed in metasurfaces [3],
[8], [9], [10], [11], [12], [13].

In the existing literature, numerous metasurface-based
high-gain antennas with beam steering capabilities have been
reported [14], [15], [16], [17], [18]. However, these designs
exhibit certain limitations such as low power handling
capacity, low system efficiency, inadequate switch isola-
tion, complex biasing networks, unfavorable noise behavior,
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which need to be addressed from the point of view of practical
applications. For instance, the antenna reported in [14] com-
prises three stacked substrates with air gaps between the top
two layers.Metasurfaces on the upper and the lower layers are
connected through vias, exhibiting good performance, despite
a complex design due to its multilayer configuration. A low-
cost 3D-printed metasurface antenna with beam steering
capability has been reported in [15]; however, efficiency of
the antenna is only 21%. Similarly, in [16] a multilayer beam
steering metasurface antenna has been reported, however,
design of the antenna is somehow complicated. Additionally,
the use of a large number of PIN diodes in certain designs
introduces insertion losses and non-linearities [17], whereas
certain structures require complex biasing techniques [18].
Even when a metasurface with a combination of active
and passive metaatoms is employed to reduce the number
of PIN diodes, the required quantity remains considerable,
such as 24, and the beam steering capability is limited to
only 10◦ [18].

In pursuit of overcoming the limitations of active meta-
surface antennas, alternative approaches have been explored,
such as utilizing gallium liquid metal alloy, and dielectric flu-
ids [19], [20], [21], [22], [23]. These fluid-based metasurface
antennas exhibit advantages, yet they also face challenges.
For instance, manual control of fluidic channels can result in
slower tuning speeds of the antenna [24]. While some studies
have usedmicropumps to improve the tuning speed, this solu-
tion requires multiple high cost micropumps, which can be
detrimental to the benefits of this tuning technique [24], [25].
Furthermore, the antenna cannot be remotely tuned [22].
In addition, a micropump requires additional effort and costly
control units, which makes the overall system expensive and
complex.

To overcome the aforementioned limitations, a simplified,
shape-memory-actuator-based fluidically programmable
metasurface (FPMS) antenna is presented in this work.
Instead of manual filling and evacuating the fluidic chan-
nels, we employed two shape memory alloy (SMA) spring
actuators for programming the position of the 3D-printed
fluidic channels beneath the metasurface, as illustrated in
Fig. 1. Adjusting the fluidic channels position along the
radiating slots of the patch contributes to a near-field phase
transformation due to high permittivity of water, thereby
enabling continuous beam steering within a range of more
than ±20◦ in the azimuth plane. This allows us to overcome
the issue of slow tuning speed pertinent to manually recon-
figurable antennas. The proposed actuators possess moderate
tuning speed and are slower than other tunable and switchable
microwave devices. However, this actuation-based switching
technique is useful for applications where periodic structures
are utilized, and large number of diodes are required with
complicated biasing circuits, such as tunable or reconfig-
urable metasurfaces [2], [3], [8], [26], [27], [28], [29]. For
instance, in [30], 144 pin diodes are employed to design a par-
tial reflective surface (PRS)-based reconfigurable antenna,
which makes the structure lossy and complex. Since the SMA

FIGURE 1. Structure of the Proposed design (a) probe fed patch antenna,
(b) metasurface design, (c) water filled fluidic channels, (d) SMA
actuators pitch variation (e) final antenna design.

actuators are situated underneath the metasurface, they do
not interact with the metasurface, which eliminates insertion
losses present in conventional microwave switches. To the
best of authors’ knowledge, no similar technique for beam
steering has been previously published in the literature.

II. ANTENNA DESIGN
A. PROPOSED CONCEPT
The proposed antenna consists of a rectangular patch fed by
a coaxial probe located at a distance Fb from the patch side.
The patch dimensions are Lp × Wp. The antenna is designed
on Arlon AD250 substrate (εr = 2.5, loss tangent 0.0018)
with dimensions of Ls × Ws × hs, as shown in Fig. 1(a). The
Antenna consists of a superstrate with the size Lss × Wss ×

hss which is at a distanceH from the patch center and includes
4 × 4 square ring unit cells also designed on Arlon AD250
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substrate of thickness hss as shown in Fig. 1(b). The proposed
design also consists of the two SMA springs, which are
attached to the water-filled fluidic channels (FCs) as shown
in Fig. 1(c). The SMA springs can be elongated by use of an
external force while they can be recompressed by applying
a certain voltage as shown in Fig. 1(d.). Moreover, the FCs
are designed using polylactic acid (PLA) material (εr = 2.5,
loss tangent 0.002). The dimensions of the proposed design
are summarized in Table 1. Furthermore, the antenna consists
of 3D printed holder to connect antenna, fluidic channels,
metasurface and SMA actuators as shown in Fig. 1(e).

TABLE 1. Dimensions of the proposed antenna.

B. FLUIDIC CHANNELS PROGRAMMING MECHANISM
The switchable phase of the metasurface was obtained by
controlling the position of the 3D-printed fluidic channels
beneath the metasurface, which contributes to the phase
change and directing the beam to a particular direction as
shown in Fig. 2(a). The FCs are filled with tap water (εr = 80,
tanδ = 0.04). To program the FCs position along the radiating
slots of the patch antenna, two SMA actuators are attached.
As the SMA springs possess one-way memory, to enable
bidirectional movement, two springs are attached back-to-
back. As an example, with a pair of springs, the compression
of SMA spring actuator #1 by a bias voltage along the
+y or −y directions will lead to automatic expansion of
SMA spring actuator #2 along that direction, whereas the
fluidic channels will be relocated in the y-direction. Thus, the
y-direction spring pair exhibits forward and reverse move-
ments simultaneously. When FCs are at the center, repre-
sented by P0, the antenna radiates in the broadside direction.
As we program the position of the FCs across the patch for
values such as P1, P2, P3, P4, the beam tilting increases
gradually by 2◦, 6◦, 14◦, 21◦ and 24◦, symmetrically for
both left side (LS) and right side (RS) directions, which is
illustrated in Fig. 2(b).

C. SMA ACTUATOR CHARACTERIZATION
In the proposed design, the position of the fluidic channels
was programmed by DC excitation of the SMA electrome-
chanical spring actuators to achieve beam steering capability.
SMA actuators are thin contraction-type helical structures,
which can be deformed and elongated at the room tempera-
ture by applying the external force, whereas it can be restored
and recompressed to its original shape by passing direct
current through it. For instance, in the employed SMAmodel,
the length can be varied by 78% and it can be stretched to

FIGURE 2. (a) Programming position of water filled fluidic channels,
(b) beam steering of the antenna.

150 mm (which is about 30 mm in the compressed state), and
it exerts a force of 10 Newton during contraction. This pulling
force is used for the movement/programming of the fluidic
channels beneath the metasurface.

In the present study, an SMA spring with a pitch (distance
between two successive turns) of 9 mm having total length of
150 mmwas chosen, and an external DC excitation voltage in
the range of 0.7–2 V with 3 A current was applied to the two
open ends of the spring. Detailed characterization process of
the SMA actuator can be found in [31] and [32], where it is
demonstrated that SMA actuators show stable performance
after repeated usage.

The effects of the additional associated elements of the
proposed design, such as the 3D frame, empty and water
filled fluidic channels, and SMA springs, on the reflection
coefficients and radiation patterns were studied thoroughly.
Initially, the reflection coefficients of the source antenna
with and without the metasurface were studied, as presented
in Fig. 3(a). The resonant frequency of the source antenna
without and with the metasurface is 2.33 and 2.42 GHz,
respectively. Further, the effects of 3D-printed empty and
water filled fluidic channels, the 3D-printed holder frame and
SMA are analysed and included in Fig. 3(a). These additional
components have a slight effect on the resonant frequency
and the impedance bandwidth. However, it is noteworthy,
that the SMA actuators do not have a significant effect on
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FIGURE 3. Effect of additional associated elements of the proposed
design (a) on reflection coefficient, (b) on radiation performance.

antenna performance in terms of the impedance matching and
resonant frequency.

The effect of the abovementioned additional associated
elements are also analysed in terms of the antenna radiation
patterns and demonstrated in Fig. 3(b). It can be seen that
the metasurface increased the gain of simple patch antenna
by 2 dB. However, water-filled fluidic channels decreased
the antenna gain by 1.63 dB owing to the lossy nature of
the water. In addition, it is worth to mention that empty
fluidic channels, frame and SMA does not have any impact
on antenna performance. Similarly, the water-filled channels,
when they are outside the cavity/vicinity of metasurface,
do not degrade antenna performance either.

D. DESIGN EVOLUTION
As discussed, the effect of various components on
S-parameters and radiation pattern can be observed in
Fig. 3(a) and Fig. 3(b) respectively. It can be seen that the
proposed design evolved through a number of iterations/steps
during simulations. First, a rectangular patch is designed
with the required dimensions. Subsequently, a 4 × 4-unit
cell metasurface is integrated at an optimum distance H
from the patch surface to enhance the gain of the antenna
by approximately 2 dB. Then, a 3D-printed PLA substrate
having FCs for constraining liquid is integrated to observe the
response. In the next stage, the FCs are filled with tap water to
observe the response whilst two SMA spring attached to the

FIGURE 4. Effect of radius of water filled fluidic channels on (a) reflection
coefficient and (b) beam steering capability of the proposed design.

periphery of the FCs and frame to relocate the channels across
the patch. Similarly, the effects of the fluidic channel radius
on antenna responses are analyzed in terms of matching and
corresponding beam tilting. Fig. 4(a) indicates that proposed
value of water channel radius (rFc) of 2 mm ensures the best
possible matching. At the same time, Fig. 4(b) demonstrates
that rFc = 2 mm results in a maximum beam tilt and an
optimal gain. There is a tradeoff between gain and beam
tilting as shown by Fig. 4. At rFc = 1.5mm the gain value is
8.26 dBi while beam tilt is 17◦. For rFc = 2 mm the beam tilt
is 21◦ and gain is 7.26 dBi. So, keeping in view the desired
performance, we choose an optimal value of rFc which is
most suitable to our requirements.

III. RESULTS AND DISCUSSION
The proposed design has been fabricated and experimentally
validated, cf. Fig. 5 and Fig. 6 respectively. The patch antenna
and metasurface are fabricated on Arlon AD250 substrate,
both having similar dimensions of 85 mm × 85 mm ×

1.524 mm as depicted in Figs. 5(a) and 5(b) respectively.
The FCs contain tap water as dielectric material with relative
permittivity of εr = 80 and tanδ = 0.04. The FCs and the
PLA frame are fabricated using an SLA 3D printing tech-
nique, which are shown in Fig. 5(c) and 5(d) respectively.
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FIGURE 5. Fabricated prototype of the proposed antenna and antenna
elements (a) patch antenna, (b) metasurface, (c) fluidic channels, (d) PLA
frame with holder (to attach the structure to the measurement tower
within the anechoic chamber, (e) SMA actuator DC biasing [31],
(f) complete setup with actuators, (g) antenna in the anechoic chamber.

This results in prints that are smooth and impermeable as
compared to the frequently used FDM printings. The SMA
actuator is expanded and contracted by the application of
small DC voltage which can be observed in Fig. 5(e). In the
prototype, one end of the SMA spring is attached to FCs,
whereas the other is attached to the PLA frame as depicted
in Figs. 5(f) and 5(g) respectively. In order to control the
position of the FCs, a DC voltage in the range of 0.7 V to 2 V
is applied to compress the spring from one side. A relatively
large size of the antenna system is due to the employment
of the larger size SMA actuators available at [33], which are
low cost and readily available, and therefore employed to
demonstrate the proof of concept of the proposed antenna.
Nevertheless, several types of SMA springs with compact
sizes are reported for various applications [34], [35], [36].
Their employment will be one of the objectives of the future
work aiming at size reduction of the presented antenna
system.

Figures 6(a) and 6(b) show a comparison between the
simulated and measured antenna characteristics, specif-
ically, S-parameters and radiation patterns, respectively.
In both graphs, the solid lines represent the simulated
results, whereas the dash-dot lines represent the measured
results. It could be observed that the simulated and measured
results are in remarkably good agreement, with both graphs
closely overlapping. The simulated and measured reflection

FIGURE 6. Comparison of simulated and measured results for different
positions of fluidic channels in terms of (a) reflection coefficients,
(b) radiation patterns.

coefficients corresponding to different positions of the fluidic
channels (FCs) are shown in Fig. 6(a) which shows close
resemblance. The plots indicate that for FCs outside themeta-
surface, the resonant frequency changes due to high dielectric
constant of water. On the other hand, there is a slight increase
in resonant frequency when the fluidic channels are at center
of the patch. The simulated and measured gain are in a good
agreement as illustrated in Fig. 6(b). It can also be observed
that a maximum realized gain of 9.1 dBi is obtained when the
FCs are outside the metasurface while a maximum achieved
gain is 8 dBi for center case. The beam steering behavior, here
demonstrated for four scenarios (FC on the left, right, outside,
and in the center), can be observed in Fig. 6(b) as well. The
maximum simulated beam tilt of 24◦, and it is obtained for
the fluidic channels at position P4 (cf. Fig. 2).

The gain of the proposed antenna has been shown in
Fig. 7(a). The simulated and measurement results are in good
agreement at the target operating frequency of 2.4 GHz.
A slight discrepancy between the simulated and measured
results can be observed at higher frequencies, possibly
associated with the lossy nature of water-filled fluidic chan-
nels. In Fig. 7(b), the radiation efficiency is plotted to see
the effect of different associated elements of the proposed
design, where the FCs (Inside) implies the location of fluidic
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FIGURE 7. Effect of various associated antenna elements on (a) antenna
gain (b) radiation efficiency of the proposed design.

channels at left, right and center of cavity of patch and MS
while FCs (Outside) implies to the location outside the cavity
of patch and MS. It can be observed that efficiency is at its
peak when water (Wtr) is not present in FCs and when the
FCs is positioned outside the metasurface (MS). However,
with the addition of water in the FCs the efficiency drops
from approximately 96% to 82%, which is due to the very
high dielectric constant of the water. In addition, the effect
of other elements such as PLA substrate frame (Frme) and
Ni/Ti alloy SMA spring has been analyzed and depicted in
the radiation efficiency graph of Fig. 7(b).
It has been found that the SMA springs along with the asso-

ciated circuitry have negligible effect on the radiation perfor-
mance of the antenna compared to reconfigurable antennas
employing other methods of reconfigurability [3], [9], [37].
From this study, it can be observed that the efficiency of the
proposed design is more than 80% at the desired band of
2.4 GHz at all states.

Tables 2 and 3 compare the proposed antenna with state-
of- the-art designs from the literature. From Table 2, it can be
seen that our design is superior in terms of efficiency, while

TABLE 2. Comparison of proposed design with state-of-the-art
metasurface-based designs.

TABLE 3. Comparison of proposed design with state-of-the-art
actuator-based designs.

attaining a maximum gain of 9.1 dBi and beam tilting of 22◦.
Although, it may be slow in terms of the switching speed as
compared to PIN-diode- and varactor-diode-based antennas,
the latter require complex biasing circuitry contributing to
losses and degradation of the antenna aperture radiation.
At the same time, the proposed actuatorbased beam steering
technique solve the slow tuning speed issues of manually
reconfigurable antennas. Table 3 shows a comparison of the
proposed actuator-based reconfigurable antenna with state-
of-the-art reconfigurable antennas [24], [25], [38], [39], [40],
where the actuators are employed for switching purposes.

The advantages of the proposed actuator include simplic-
ity, robustness and the ease of integration and assembly com-
pared to previous manual fluidically beam steering antenna
reported in [22]. In addition, compared to [22], the proposed
design is superior in terms of gain and efficiency. It exhibits a
continuous beam steering ability. Further, employing SMA
springs results in negligible effect on the radiation perfor-
mance of the antenna.Moreover, the proposed design features
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over 80% efficiency at the desired band at all states, and
it is cost-efficient as well. The proposed antenna system
demonstrates substantial improvements in performance, sta-
bility, and handling as compared to [22] and other existing
fluidic-based reconfigurable antennas [19], [20], [21], [23],
including practical aspects of reconfiguration.

IV. CONCLUSION
In this paper, a shape memory alloy-based fluidically recon-
figurable metasurfaced beam steering antenna is presented.
Continuous beam switching of more than twenty degrees was
achieved by programming the fluidic channels between the
patch and metasurface. This technique overcome the slow
tunning speed issues of fluidically, manually, as well as other
type of actuators based reconfigurable antennas. As the SMA
actuators are not in direct contact with the radiating aperture
of the antenna, radiation characteristics such as radiation
efficiency and gain of the antenna are not degraded. This
method allows the antenna to be remotely tuned in contrast
to other fluidic basedmanually reconfigurable antennas.With
the ongoing advancements in the materials of SMA actuators,
it is expected that the tuning speed will be further increased
in the near future. The compact SMA springs are available
in [45] and [46], the employment of which requires further
research to evaluate their suitability for higher frequency RF
applications.
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